The conductivity of carbon nanotubes and polyvinyl alcohol composites is significantly improved by addition of Fe 2 ͑SO 4 ͒ 3 . The coordinated cations between nanotubes play a crucial role in lowering intertube hopping magnitude.
Conducting composites made from carbon nanotubes ͑CNTs͒ and polymers have drawn much attention in recent years and their possible applications include antielectrostatic, shielding of electromagnetic interference, and field emission.
1-3 According to current-voltage ͑I-V͒ data obtained at various temperatures the CNT polymer is a system of thermal activation type and electron transport is governed by intertube hopping. This was verified by I-V profiles fit to Arrhenius equation = c exp͑E a / k B T͒, where E a was found to be much greater than energy required for on-tube hopping. 4 An improvement in composite conductivity ͑͒ has now become an important issue whereas conductance increment is limited when CNT filling fraction ͑p͒ exceeds percolation threshold ͑p c ͒. This is attributed to the change in circuit elements from R n + C n into 1 / R n +1/ C n ͑Ref. 5͒ and relationship between and p becomes ϰ ͑p − p c ͒ t where t is a critical component and ranges from 1.1 to 1.3 for CNT networked composites. 6 The t can also be realized as a degree of ease hopping between CNTs and is reversely proportional to E a ͑t ϰ E a −1 ͒. When dielectric polymer is sandwiched between tubes, the E a increases and t is reduced. In this work, the of CNT composites is significantly improved by electrolyte addition and our data reveal that insertion of ionic species between tubes provides a low energy passage for electron hopping and E a is lowered by 83 meV.
Multiwalled CNTs made by acetylene pyrolysis are mixed with polyvinyl alcohol ͑PVA͒ gel solution ͑SIGMA, Aldrich W ϳ 70000͒ by ball milling for 12 h and dispersion is transferred onto a Petri dish to form solid films at ambient environment. The film thickness revealed by optical images is 0.4Ϯ 0.1 mm. The electrolyte-containing composites are produced by a similar procedure only that CNTs are dispersed in Fe 2 ͑SO 4 ͒ 3 -PVA solution instead. 7 Composite films are cut into 20ϫ 20 mm for four-terminal conductivity measurements and a Keithley-2400 power supply is employed as source meter. Table I shows obtained at various tube filling fraction ͑p͒. The following two features are noticed: ͑i͒ A large improvement emerges at p = 10-12 wt %, and ͑ii͒ the increment becomes small at p Ͼ 10 wt %. The former is verified by log − p plot ͓Fig. The profiles fit by linear plot reveal t = 1.127 and s = 0.638; the former is consistent with two dimensional network structure described above. In other words, the p c in current study is 10.5 wt %. We now discuss the origin of small increment above p c . For conducting composites the current is always limited by dielectric matrix and hopping between tubules relies on thermal activation. At a constant temperature ͑k B T = constant͒ the hopping magnitude can only be reduced by increasing p to shorten the intertube separation and relation is expressed as ln ϰ p −1/3 . 14-16 If conduction is dominated by hopping for a given p the ln − p −1/3 profile approximates linear. When conduction involves more than one mechanism the profile will be nonlinear because individual processes contribute different levels of conductance. Figure  1͑d͒ shows a linear profile ͑blue͒ and data fit by scaling law ranges at Ϯ5% error, indicative of primary mechanism from hopping.
The analyses above clearly indicate that E a originates mainly from dielectric polymer between tubes and improvement is limited upon increasing p at a constant temperature. In the next experiment, composites are made by mixing CNTs with Fe 3+ -doped PVA to create a lower energy hopping between CNTs via coordinated cations. 7 The fourterminal conductivity measurements show that electrolyte addition does not improve composite before CNT network formation ͑i.e., p ഛ p c ͒. In contrast, the is significantly improved above p c ͑i.e., p Ͼ p c ͒. In other words, the dispersed electrolytes do not contribute to CNT network formation but just lower the hopping barrier between tubes. 
where subscripts 1 and 2 denote the CNT-composite without and with Fe cations, respectively. At p Fe = 0.5 wt %, the E a is reduced by 18.4 meV. A significant E a reduction emerges at p Fe = 1 wt % and corresponding decrement is 55 meV, consistent with Table II . At p Fe = 2 wt % the E a decrement is 83 meV. In addition to E a reduction the decrease in hopping barrier with electrolyte addition is also supported by Fig. 1͑d͒ ͑red͒ which is plotted based on ln Fe versus p Fe −1/3 , where Fe is conductivity of Fe-containing composites ͑Table II͒. Compared with CNT network structure in polymer ͑red͒ the slope of ln Fe − p Fe −1/3 profile appears to be smaller, indicative of lower hopping magnitude. Additional evidence in supporting coordinated Fe 3+ acted as low energy hopping sites comes from the fact that acid addition does not yield a similar enhancement, e.g., addition of 5 wt % CH 3 COOH to CNT-composites ͑p =12 wt %͒ only produces a 6.7% conduction improvement.
Based on above data the dispersed electrolytes can be realized as a secondary conducting network between tubes and here we employ the electron paramagnetic resonance ͑EPR͒ to evaluate spin density. Our approach is based on following: ͑i͒ spin-orbit paramagnetic from tubes only emerges below 50 K, 17 and ͑ii͒ the g value of ⌸ electrons is 2.010, distinguishable from that of coordinated Fe 3+ ͑ϳ2.0023͒.
7 Accordingly, our EPR is carried out at 130, 200, and 300 K respectively. Spin concentration is calculated by integrating adsorption profiles intercepted with base line. Table III shows spin densities detected at different temperatures and hopping characteristic is evident by spin increase with temperature rising. The CNT density in composite with p = 12 wt % is 0.1 g / cm 3 and substitution of tube density by spin concentration gives 10 9 spins/ cm 3 , corresponding to 
